Cullin-Ring E3 ubiquitin ligases target substrates for ubiquitindependent, proteasome-mediated degradation and regulate critical cellular processes. These cullins assemble with cellular substrate receptor proteins through specific adaptor molecules. F-box-and BC-box-containing receptors use Skp1, ElonginB, and ElonginC as adaptors to recruit Cul1͞Cul7 and Cul2͞Cul5, respectively. At present, the determinants of Cul2 vs. Cul5 specificity for the BC-box-containing receptors are poorly defined. Here, we demonstrate that primate lentiviral Vif (virion infectivity factor) proteins represent previously uncharacterized substrate receptor proteins that contain divergent BC-box motifs. These molecules selectively assemble with a Cul5-E3 ligase to suppress the antiviral activity of autologous cytidine deaminase APOBEC3G. A previously unrecognized Hx 5Cx17-18Cx3-5H motif that is highly conserved among all primate lentiviral Vif proteins was found to be critical for the selective assembly and activity of Vif-Cul5-E3 ligase. Non-primate lentiviral Vif proteins, which lack this HCCH motif, displayed reduced interaction with Cul5. These data suggest that in addition to target protein specificity, substrate receptor proteins play important roles in cullin selection and functional assembly of cullinRing E3 ligases. The discovery of these viral substrate receptor molecules that recruit Cul5 through distinct mechanisms from cellular proteins may facilitate the identification of additional cellular factors that regulate cellular functions through Cul5-E3 ligase. Motifs in Vif that are absent from cellular proteins could also be targets for the development of innovative therapeutics.
such as SOCS3 and MUF1, use a downstream Cul5-box to select Cul5 (10) .
HIV-1 Vif (virion infectivity factor) is a recently identified substrate receptor protein that assembles with Cul5-ElonginBElonginC-E3 ligase to target human APOBEC3G (h-A3G) for degradation (11) (12) (13) . h-A3G is a dominant cellular antiviral factor present in nonpermissive cells that, when packaged in the newly released virions of Vif-deficient HIV-1, reduces virus infectivity (14) (15) (16) (17) (18) (19) (20) (21) . A3G belongs to a family of proteins with cytidine deaminase activity that includes APOBEC1 (22) . Virion-associated h-A3G induces C 3 U mutations in minus-strand viral DNA during reverse transcription (14) (15) (16) (17) (18) (19) (20) (21) . Polyubiquitination and proteasomemediated degradation of h-A3G (12, 16, (23) (24) (25) (26) (27) (28) is induced by HIV Vif interacting with Cul5, ElonginB, ElonginC, and Rbx1 (12) . The ability of HIV-1 to interact with Cul5-ElonginB-ElonginC and degrade h-A3G is critical for its virion exclusion and for suppression of its antiviral activity by Vif (12, 25) .
Vif is present in all lentiviruses except equine infectious anemia virus (29) . HIV-1 Vif can suppress h-A3G but not African green monkey (AGM)-A3G (17, (30) (31) (32) (33) . AGM-A3G can be efficiently suppressed by SIV AGM (AGM simian immunodeficiency virus) Vif but not HIV-1 Vif (17, (30) (31) (32) (33) . The mechanism of suppression of AGM-A3G by SIV AGM Vif remains unclear. SIV AGM Vif and other non-human primate lentiviral Vif proteins lack a clear Cul5-box. Although the SLQxLA motif in certain SIV Vif proteins matches well with a cellular BC-box consensus sequence (34) , this motif in other SIV Vif proteins, including SIV AGM Vif, is highly divergent from the consensus BC-box sequence (34) . Whether these lentiviral Vif proteins recruit Cul5-ElonginB-ElonginC to suppress their autologous A3G is uncertain.
In this study, we demonstrate that primate lentiviral Vif proteins represent a previously unrecognized family of Cul5-based E3 ligase substrate receptor proteins. These proteins recruit Cul5-ElonginBElonginC through viral-specific BC-boxes and a previously uncharacterized HCCH motif. The identification of Cul5 interaction motifs in these viruses raises the possibility of the existence of unrecognized substrate receptor proteins that could also recruit Cul5 to form E3 ubiquitin ligases and to target proteins for polyubiquitination and degradation.
clone, SIV AGM Tan⌬Vif, was constructed by inserting four nucleotides at the Age site in the Vif coding region of pSIV AGM Tan. The expression vector for SIV AGM TanVif with a myc tag was constructed by PCR amplification of the vif coding region using SIV AGM Tan as a template and the following primers: forward,  5Ј-GTCGACACCATGGAGAGAGAAAAACTGTG-3Ј; reverse, 5Ј-GCGGCCGCCTAAAGATCTTCTTCTGATAT-GAGTTTTTGTTCTAAGCCCTTTCTATC-3Ј, containing SalI and NotI sites, respectively. PCR products were cloned into VR1012 to generate pSIV AGM TanVif-myc. pSIV AGM TanVifAAA-myc was constructed by changing amino acids 152-154 from SLQ to AAA. pSIV AGM TanVifH111L, pSIV AGM VifC117S, pSIV AGM VifC135S, and pSIV AGM VifH141L were constructed from pSIV AGM TanVif-myc by changing H111 or H141 to L and C117 or C135 to S, respectively. The expression vector for SIV-MAC 251 (macaque SIV) Vif with an HA tag was constructed by PCR amplification of the vif coding region using SIV MAC 251 as a template and the following primers: forward, 5Ј-GTCGACATG-GAGGAGGAAAAGAGGTG-3Ј; reverse, 5Ј-GGATCCTCA-CGCGTAATCTGGGACGTCGTAAGGGTATGCCAGTA-TTCCTA-3Ј, containing SalI and BamHI sites, respectively. PCR products were cloned into VR1012 to generate pSIV MAC 251Vif-HA. The expression vector for SIV SYK 173 (Sykes' monkey SIV) Vif with an HA tag was constructed by PCR amplification of the Vif coding region using SIV SYK 173 as a template and the following primers: forward, 5Ј-GTCGACACCATGGAGAAAGAATG-GATAG-3Ј; reverse, 5Ј-GGATCCTCACGCGTAATCTGG-GACGTCGTAAGGGTAGTCTCTGCCTCTTC-3Ј. PCR products were cloned into VR1012 to generate pSIV SYK Vif-HA. The Visna viral Vif with an HA or Myc tag was amplified from a Visna virus infectious clone (LVI-1) by PCR with the forward primer 5Ј-ACTAGTAGGATGTTAAGTTCAT ACCG C-3Ј and alternate reverse primers 5Ј-ATCCTCACGCATAATCTGGGACG TCGTAAG GGTATTCAAAGATGGATTCC-3Ј or 5Ј-GGATC-CTCAAAGATCTTCTTCTGATATGAGTTTTTGTCTTCA-AAGATGGAT-3Ј, containing SpeI and BamHI sites, respectively. The PCR product was cloned into the VR1012 vector to generate pVISNA-HA or pVISNA-Myc. Bovine immunodeficiency virus (BIV) Vif with an HA tag was amplified from a BIV infectious clone (pBIV127) by PCR with the forward primer 5Ј-TCTA-GACGGATGGAAAGGACCCTAC-3Ј and 5Ј-GGATCCT-TACGCATAATCTGGGACGTCGTATGGGTAGGGGTG-GCCAC-3Ј, containing XbaI and BamHI sites, respectively. The PCR product was cloned into the VR1012 vector to generate pBIVVIF-HA. The human Cul5 mutants Cul5⌬Nedd8 and Cul5⌬Rbx1 are described in ref. 12 .
Antibodies, cells, transfection, infection, and immunoprecipitation are described in refs. 12, 13, and 25 and are also provided in Supporting Text, which is published as supporting information on the PNAS web site.
Results
Simian Lentiviral Vif Proteins Lack a Cul5-Box. Cellular proteins (SOCS-box proteins) assemble with Cul5-ElonginB-ElonginC through a BC-box and a downstream Cul5-box (10) . The SLQxLA motifs of SIV Vif lack the downstream Cul5-box (Fig. 1A) . Their SLQxLA sequences resemble a BC-box (S͞T͞A͞P) 1 L 2 xxxC 6 xxx(V͞ L͞I͞A) 10 sequence (34) . The unique features of BC-box motifs in primate lentiviral Vif proteins is well matched to the phylogenetic clustering of these viruses, based on full-length viral genomic sequence analysis (Fig. 1B) . Vif proteins from closely related SIV IHOST , SIV SUN , and SIV MND (mandrill SIV) lineages have a Cys at position 6, matching the BC-box consensus ( Fig. 1 A) ; the BC-box motifs of Vif proteins from SIV AGM , SIV SYK , SIV RCM (red-capped mangabeys SIV), and HIV-2͞SIV SM (sooty mangabeys SIV) lineages all contain an Ala instead of Cys. The BC-box motifs of the SIV AGM , SIV SYK , and SIV RCM Vif proteins are the most divergent from the consensus BC-box, differing in two of the four (positions 6 and 10) critical residues. These significant variations in the BC-box and absence of a Cul5-box raise the question of whether these increasingly divergent Vif proteins are able to recruit Cul5-ElonginB-ElonginC complexes (Fig. 1C) (Fig. 1E, lane 5) . These proteins were not precipitated by the anti-HA antibody from the control cells that did not express HIV-1 Vif (lane 4). Efficient coimmunoprecipitation of Cul5, ElonginB, and ElonginC with SIV AGM TanVif was also detected under these conditions (Fig. 1E , lane 6), as was coimmunoprecipitation of Cul5, ElonginB, and ElonginC with SIV MAC 251 Vif ( Both Cul2 and Cul5 use ElonginB and ElonginC as adaptors to bridge substrate receptor molecules in the E3 ligases (2-5). It is not clear whether Cul2 can also interact with SIV Vif through ElonginC binding. To answer this question, vectors expressing Cul1, Cul2, Cul3, or Cul5 were cotransfected with SIV AGM TanVif into 293T cells. All of the cullins were tagged with an HA epitope and were expressed efficiently in 293T cells (Fig. 1H ). Comparable levels of Vif were also detected in the transfected cells. All of the cullins could be immunoprecipitated by the anti-HA antibody, and SIV AGM TanVif was efficiently coimmunoprecipitated with Cul5 (lane 9). As expected, Vif was not coimmunoprecipitated with Cul1 (lane 6) or Cul3 (lane 8), which do not interact with ElonginC. However, coimmunoprecipitation of SIV AGM TanVif with Cul2 was also not efficient (lane 7) when compared with Cul5 (lane 9). In repeated experiments, interaction of SIV AGM TanVif with Cul5 was 5-fold greater than that with Cul2 (Fig. 1I ). These data suggest that SIV AGM TanVif selectively recruits Cul5 and that substrate receptor molecules play an important role in cullin selection.
The SLQ Motif in SIVAGMTanVif Acts as a BC-Box and Is Required for Vif
Function. To assess whether the divergent BC-box of SIV AGM TanVif is required to recruit Cul5-ElonginB-ElonginC, we constructed an SIV AGM TanVif mutant (SLQ to AAA). Mutation of SLQ to AAA significantly reduced the ability of mutant SIV AGM TanVif-AAA to recruit Cul5-ElonginB-ElonginC (Fig. 2A, lane 4) when compared with the WT SIV AGM TanVif (lane 3). Recruitment of Cul5-ElonginB-ElonginC by SIV AGM TanVif is critical for its function. WT SIV AGM TanVif was found to specifically induce the degradation of AGM-A3G (Fig. 2B, lane 1) . In contrast, SIV AGM TanVifAAA could not (lane 2). As a result, SIV AGM TanVifAAA could not exclude AGM-A3G from released SIV AGM Tan virions (Fig. 2C, lane 3) . Unlike WT SIV AGM TanVif (Fig. 2D, lane  7) , the SIV AGM mutant Vif could no longer suppress the antiviral activity of AGM-A3G (lane 8). Therefore, the SLQxLA motif in SIV AGM TanVif, despite divergence from the BC-box consensus sequence, plays an important role in binding to Cul5-ElonginB-ElonginC and is required for SIV AGM TanVif activity in degrading AGM-A3G and excluding it from released virions.
The Cul5-ElonginB-ElonginC Complex Is Required for SIVAGM Vif
Function. To assess more directly whether Cul5-containing E3 ligases are required for SIV AGM TanVif activity, we examined the effect of Cul5 mutants on the ability of SIV AGM TanVif to suppress AGM-A3G in human and monkey cells. Although SIV AGM TanVif could efficiently suppress the antiviral activity of AGM-A3G in the absence of Cul5 mutants (Fig. 3A, lanes 5 and 13) , its ability to suppress this activity was severely impaired in the presence of Cul5⌬Nedd8 (lanes 6 and 14) or Cul5⌬Rbx1 (lanes 7 and 15). As expected, expression of these Cul5 mutants had no effect on SIV AGM Tan infectivity in the absence of AGM-A3G (lanes 2 and 3 and 10 and 11). When we looked at the effect of the Cul5 mutants on AGM-A3G degradation and virion incorporation, we found that in the presence of Cul5⌬Nedd8 (Fig. 3B, lane 2) or Cul5⌬Rbx1 (lane 3), SIV AGM TanVif was unable to efficiently degrade AGM-A3G. These cells produced virions containing AGM-A3G (Fig. 3C,  lanes 2 and 3) , whereas cells cotransfected with a control vector efficiently degraded and excluded AGM-A3G from released virions (lane 1). Degradation of AGM-A3G induced by SIV AGM TanVif was blocked by a proteasome inhibitor (Fig. 7A , which is published as supporting information on the PNAS web site), suggesting that the SIV AGM TanVif-induced degradation of AGM-A3G was proteasome-mediated. The ability of SIV AGM Vif to exclude AGM-A3G from released virions also required proteasome activity (Fig. 7B) . Collectively, these results suggest that SIV AGM TanVif recruits the Cul5-ElonginB-ElonginC-E3 ubiquitin ligase complex to induce AGM-A3G degradation through proteasomes. Cul5 mutants specifically blocked the ability of SIV AGM TanVif to suppress the antiviral activity of AGM-A3G.
A Unique HCCH Motif Is Required for SIV Vif Interaction with Cul5. SIV Vif proteins selectively recruit Cul5 but lack a Cul5-box, suggesting the existence of other motifs in these Vif proteins. Sequence analysis of HIV͞SIV Vif proteins identified a highly conserved Hx 5 Cx 17-18 Cx 3-5 H motif (Fig. 4A) just upstream of the BC-box (SLQxxA motif), which may participate in the assembly of Vif with Cul5-E3 ligase. To test this possibility, we constructed SIV AGM TanVif mutants with individual amino acid substitutions (Fig. 4B) and examined their interaction with Cul5, ElonginB, and ElonginC by immunoprecipitation. WT SIV AGM TanVif interacted efficiently with Cul5, ElonginB, and ElonginC (Fig. 4C, lane 1) . As expected, all of the mutant SIV AGM TanVif proteins interacted with ElonginB and ElonginC, because the BC-box is intact in these mutants, but none could interact with Cul5 (lanes 2-5). These data suggest that the BC-box is responsible for the formation of the Vif-ElonginCElonginB complex but is not sufficient to recruit Cul5 into the complex (Fig. 4D ): Both the BC-box and HCCH motif are required to form the complete Vif-Cul5-ElonginB-ElonginC complex. Consequently, the substrate receptor protein (Vif) and adaptor molecule (ElonginC-ElonginB) are both essential for selective assembly of the Cul5-E3 ligase complex. The HCCH motif is critical for SIV AGM TanVif function. Unlike WT SIV AGM TanVif, the HCCH mutant Vif proteins could no longer induce the degradation of AGM-A3G (Fig. 4E ) and could not suppress the antiviral activity of AGM-A3G (Fig. 4F) . The HCCH motif in HIV-1 Vif is also required for interaction with Cul5 and for the suppression of the antiviral activity of h-A3G (Fig. 8 , which is published as supporting information on the PNAS web site). Previous studies have suggested that a BC-box and Cul5-box are required for cellular substrate receptors to interact with the Cul5-E3 complex (10) . To examine whether a Cul5-box from a known Cul5-interacting cellular substrate receptor is sufficient to replace the HCCH function in Vif, we constructed a chimeric SIV AGM TanVif and SOCS-3 molecule (Fig. 4G) . Introduction of the Cul5-box sequences from SOCS-3 into SIV AGM VifC117S did not restore its interaction with Cul5 (Fig. 4G, lane 3) . These data suggest that the presence of a BC-box and a Cul5-box is not sufficient to mediate SIV AGM TanVif interaction with Cul5. These data further support the argument that the HCCH motif in primate lentiviral Vif is required for Cul5 interaction. 
Discussion
Data presented here indicate that Vif proteins of primate lentiviruses represent a previously uncharacterized family of substrate receptor molecules in Cul5-ElonginB-ElonginC-E3 ligase complexes. Proteasome-dependent protein degradation is tightly regulated through the targeted ubiquitination of specific proteins by the E3 ubiquitin ligase. In the case of the modular cullin-Ring E3 ligases, the specificity is determined by the substrate receptor proteins. The substrate receptor molecules assemble with a selected cullin through interaction with distinct adaptor proteins. Interestingly, both Cul2 and Cul5 assemble with their respective substrate receptor proteins through a common adaptor complex, ElonginBElonginC. Vif proteins of primate lentiviruses selectively assemble with Cul5 but not Cul2, suggesting that substrate receptor proteins play important roles in the selective assembly of Cul5 vs. Cul2-E3 ligases. Recently, it was suggested that an additional region downstream from the BC-box, termed the Cul5-box or Cul2-box, is responsible for cullin selection (10) . However, that study did not address lentiviral Vif, which assembles preferentially with Cul5 yet lacks a Cul5-box.
An interesting finding is the existence of a highly conserved Hx 5 Cx 17-18 Cx 3-5 H motif in all primate lentiviral Vif proteins that contributes to Cul5 selection. Individual substitutions in each of the His or Cys residues within this motif abolished the interaction of SIV AGM TanVif with Cul5, suggesting that not only the two Cys but also the two His residues contribute to the interaction. This motif is just upstream of the BC-box and has the potential to coordinate zinc. Interestingly, the HCCH motif was not detected in the Vif proteins from non-primate lentiviruses such as Visna virus. Although Visna virus Vif could also interact with the ElonginBElonginC complex, it did not selectively interact with Cul5, supporting the argument that the HCCH motif is critical for Cul5 recruitment. Unlike cellular substrate receptor molecules, primate lentiviral Vif proteins use a distinct mechanism to recruit Cul5. Therefore, ElonginC-interacting substrate receptor molecules (cellular or viral) can be divided into at least three classes (Fig. 9) . Some cellular proteins such as VHL, LRR-1, and FEM1B use a BC-box and a downstream Cul2-box to assemble with Cul2-ElonginBElonginC-E3 ligases (Fig. 9D) ; others (SOCS3, SSB1, SSB2, RAR3, WSB1, and MUF1) use a BC-box and a downstream Cul5-box (Fig. 9E) . Primate lentivral (HIV͞SIV) Vif proteins use a BC-box and an upstream HCCH motif (Fig. 9F) . A major difference between the BC-box motifs of SIV Vif proteins and cellular proteins (36) is the replacement of a highly conserved Cys with an Ala in these viral proteins. It is not clear whether the preference for Cys in cellular substrate receptor proteins and Ala in Vif proteins has occurred by chance or whether it represents a different level of regulation of these substrate receptor molecules. Even within the BC-box region, SIV AGM and SIV SYK Vif proteins are highly divergent from the consensus BC-box sequence (S͞T͞A͞P)LxxxC 6 xxx(V͞L͞I͞A) 10 , containing variant amino acids at positions 6 and 10 (SLxxxA 6 xxx(Y͞H) 10 . We have demonstrated that despite the increased divergence of the BC-box motif from the consensus sequence and the absence of a downstream Cul5-box, SIV AGM Tan and SIV SYK 173 Vif proteins can still assemble with Cul5-ElonginB-ElonginC. Furthermore, in the case of SIV AGM TanVif, this divergent BC-box is essential to its assembly with Cul5-ElonginB-ElonginC to form a functional E3 ligase and to induce the degradation of AGM-A3G. These results demonstrate that substrate receptor proteins can use highly flexible BC-box motifs to recruit Cul5͞2-ElonginB-ElonginC complexes. In addition to a preference for an Ala at position 6, lentiviral Vif proteins preferred hydrophobic amino acids at positions 5 and 7 ( Fig. 1 A) , whereas cellular proteins use at least one positively charged amino acid at either position 5 or 7 (36) . Previous studies have indicated that position 10 of the BC-box is part of the hydrophobic interface that interacts with ElonginC (37). Consistent with this idea, a hydrophobic amino acid (Leu, Ile, or Val) is preferred in cellular BC-box proteins (36) . Vif proteins from multiple SIV lineages, including SIV AGM , SIV SYK , SIV RCM , and SIV MND , contain a polar residue Tyr or His at this position (Fig.  1 A) . Therefore, this position in Vif may not be a critical hydrophobic contact point with ElonginC. In fact, the most conserved feature of the lentiviral Vif BC-box is the SLQxLAL motif, which varies to some degree in all of the known cellular BC-box sequences. Whether these Vif-specific features can be used to design viralspecific inhibitors that are less detrimental to cellular proteins remains to be explored.
The existence of distinct BC-box motifs among various Vif molecules raises interesting questions as to the origin of these divergent Vif proteins and the selective pressure for the maintaining these unique features in different primate lentiviral lineages. Despite the diversity of the BC-box, the interaction with Cul5-ElonginB-ElonginC seems to be a common feature of primate lentiviral Vif proteins. We have demonstrated that SIV AGM Vif can overcome AGM-A3G in both human (293T) and monkey (COS-7) cells and that HIV-1 Vif can also suppress h-A3G in monkey cells (Fig. 10 , which is published as supporting information on the PNAS web site). Cul5 is critical for the functions of HIV-1 (12), SIV MAC (12) , and SIV AGM TanVif proteins (Fig. 3) . These results demonstrate that Cul5-ElonginB-ElonginC is a conserved pathway used by diverse primate lentiviral Vif proteins.
In this study, we have identified a previously unrecognized class of viral substrate receptor proteins that selectively assemble with Cul5-E3 ligases through a Cul5-box-independent mechanism. Large numbers of substrate receptor molecules have been identified for Cul1-and Cul3-based E3 ubiquitin ligases. With a more relaxed BC-box consensus sequence and a Cul5-box-independent mechanism of recruitment of Cul5-E3 ligases, expansion of substrate receptor molecules (BC-box proteins) for Cul5 and Cul2-E3 ligases is expected. Instead of a Cul5-box, primate lentiviral Vif proteins use an HCCH motif to recruit Cul5. One outstanding question is whether there are cellular adaptor molecules using similar mechanisms to recruit Cul5. This motif would be an attractive target for the design of antiviral inhibitors if it were unique to Vif. Why viral proteins prefer Cul5 over Cul2 and how the cellular localizations of Cul5 and Cul2 relate to HIV replication are intriguing questions.
